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To*  abbasbkiant  ot  tna  naxara  to  a crewmember  In  a potential 
anciatt  ciaan  requires  information  about  nurnan  tolerance  to 
mechanical  torces,  a aathoa  tor  the  loentit rcatron  ano  evaluation  ot 
the  contributing  ractorb  to  potential  injury  in  a crash  ana  a meant 
or  estimating  tna  environmental  torcea  on  an  occupant  ana  tne 
resultant  responses  ot  tna  occupant.  Results  ot  researcn  In  the  US 
Air  Force  in  these  three  areas  are  alscussea.  Specifically,  1)  the 
rationale  tor  ana  formulation  ot  a dynamic  response  six 
negree-ot-trecoom  whole  noay  impact  tolerance  specification,  2)  a 
detailed  neaa-bpine  structural  mecnamcb  ana  a vehicle  occupant  gross 
notion  ngia  noay  dynamics  model  ana  their  areas  ot  applicability  in 
crash  analysis,  ana  3)  natures  ot  tne  newly  aevelopea  US  Air  Force 
Aavancea  Dynamic  Anthropomorphic  Manikin  (ADAM)  are  alscussea.  ^ It  is 
suggestea  that  a comprehensive  metnoa  tor  injury  risk  assessmen^t  tor 
any  system  must  consider  ail  three  areas.  ^ ^ ^ 

LIST  OF  SYMBOLS 

- acceleration  ot  tne  aynanlc  response  moael  mass  relative  to 
acceleration  input  point. 

- relative  velocity  between  the  input  point  ana  the  moael  mass. 

- compression  ot  tne  moael  spring. 

- damping  coetticient  ratio. 

- dynamic  response  ot  tne  moael. 

- unoampeo  natural  frequency  ot  the  moael. 

• seat  acceleration  component  along  tne  pertinent  axis. 

• acceleration  aue  to  gravity. 

- dynamic  response  computea  trom  the  X axis  acceleration  component. 

- dynamic  response  computea  trom  tne  Y axis  acceleration  component. 

- aynamic  response  computea  trom  toe  X axis  acceleration  component. 


I.  INTRODUCTION 

Tne  ultimate  ettactiveneas  ot  tne  crashworthiness  ot  an  aircraft  is  its  ability  to 
protect  tne  aircraft  occupant.  Various  measures  ot  an  aircraft's  structural  integrity 
can  be  maue,  but  the  final  measure  is  tne  state  ot  the  crewmember  after  tne  crasn.  This 
state  primarily  oepenaa  on  two  factors i the  level  ot  exposure  to  mechanical  forces 
experienced  by  tne  crewmember  and  the  crewmember's  susceptibility  to  injury  aue  to  such 
exposure.  Tne  first  requires  tne  specifications  ot  sucn  conditions  as  whole  boay 
accelerations  ana  locaiixea  impact  torces  on  tne  boay  ana  tne  secona  requires  tne 
specification  ot  tne  criteria  tor  tolerance  to  sucn  accelerations  ana  forces. 

In  tnis  report  some  ot  the  latest  auvances  in  methods  tor  injury  potential  assessment 
aevelopea  Dy  tne  UN  Air  Force  are  alscussea.  Tnese  incluae  criteria  tor  whole  boay 
tolerance  to  acceleration,  analytical  methoas  tor  prealcting  human  boay  responses  to 
various  mechanical  torce  exposures  ana  the  development  ot  a highly  sophisticated  manikin. 

II.  EIX-DEGREE-OF-FREEUOM  ACCELERATION  EXPOSURE  LIMITS 

Tne  current  metnoa  tor  assessing  tne  risk  naxara  associated  with  whole  boay 
acceleration  ana  wmcn  taxes  into  account  tne  aynamic  character  ot  tne  bony's  response 
was  aevelopea  by  steck  (Ret.  1)  ana  is  known  as  tne  Dynamic  Response  Inoex  (DRI).  It 
iovaiises  tne  nurnan  response  as  that  ot  a mass  supportea  by  parallel  elastic  spring  ana 
aamper  elements  wmcn  respectively  represent  tne  upper  boay  mass  ana  the  luubar/thoracic 
spine.  Tbis  moael  was  originally  aevelopea  to  provioe  an  injury  risk  assessment  tor 
aircrew  members  being  ejectea  trom  aircraft  ana  its  applicability  was  strictly  iimiteo  to 
longituainai  spinal  accelerations.  Nnile  this  aooel  was  oevelopea  to  saaress  ejection 
problems,  it  also  was  applicable  to  other  situations  where  the  boay  primarily  experienced 
abrupt  vertical  accelerations  as,  tor  example,  in  helicopter  crashes. 

This  moael  nee  recently  been  general ixea  to  also  incluae  tore-att  ana  lateral 
responses  ai  well  as  an  aooea  rotational  tolerance  mechanism  (Ret.  2).  The  approach 
taken  has  irjiuaea  tne  following  assumptions  ana  steps i 

1.  Use  ot  tne  same  dynamic  moael  tor  all  three  orthogonal  boay  axes. 

2.  Assignment  ot  an  injury-risk  level  tor  each  axis. 


3.  Assumption  ot  inoepenaent  responses  along  tact*  orthogonal  axis. 

4.  evaluation  ot  tne  injury  naa  lcval  assumptions  using  existing  oata  trom  impact 
tests  incluaing  onaa  with  acceleration  vactora  ott  tna  octnogonal  axes,  ajaction  kaat 
taut  oata,  ana  ktuaiaa  with  mathematical  aooalk. 

5.  Aasignaant  ot  angular  accalvration  llaitu  based  on  tna  attacta  ot  their 
tranklational  accalvration  components. 

Tua  eguations  tnat  Describe  tna  oynaailc  raaponka  along  aacn  major  axis  ara  glvan  In  tha 
ton  owing  eguations ■ 

6 ♦ ♦ up26  * a 


ana 


DR(t) 


-n2*  <t> 


Tnw  axes  ara  taaan  so  tnat  tna  +Z  accalaration  acts  trom  toot  to  haaa  ana  a +X 
accalvration  acta  troa  back  to  tront. 


Kacn  ot  tua  aynaaic  response  aoaalst  otnar  than  tor  tba  *1  axib(  wvra  oevclopea  by 
tnv  vaaa  ptocauura.  First,  tnv  axpanaantal  accalaration-tiaa  historian  troa  tasts  with 
voiuntaar  subjacta  wars  approxmatao  with  a halt-sina  pulsa  whara  taaaibla.  Tna  taat 
oata,  wnicn  wars  aaasutaa  on  tha  tast  tixturaa  that  tranaaittao  tnv  accalaration  to  tha 
subjvcts  in  wnoia-boay  lapact  tvsts,  wvra  obtainaa  troa  nuaarous  rvports  publishaa  by  US 
Air  Forcv  ana  Navy  lnvabtigators  ana  Dvpartavnt  ot  Dvlanaa  contractors.  Tha 
approxiaationa  wars  aatablisnaa  by  titting  thv  past  accalaration  ano  tha  tins  to  tha 
accalaration  pvak  (risa  tiav)  witn  a nait-ilne  pulse.  This  procaaura  yialava  ralativaly 
goou  tits  tor  tnv  majority  ot  tha  oata.  Howavvr,  tha  tit  was  not  gooa  whara  thv 
experimental  accalaration  pulsv  snaps  was  actually  aorv  trapasoiaal,  as  in  soma  ot 
Stapp'b  aarly  tasts  (Rat.  3)  or  wnvra  tna  accsieration-time  history  was  irragular.  In 
sucn  instancvs,  tna  procaaura  usaa  was  to  tit  only  tna  initial  portion  ot  tna  pulse;  this 
approach  proviuaa  a consarvativa  estimate  sines  tha  anargy  ot  tha  tlttaa  halt-sina  pulsa 
was  always  labs  tnan  tnat  containaa  in  tnv  actual  oata.  Sacona,  a siooal  responsa  curva 
was  caicuiatso  wnicn  was  osscriptivs  ot  tna  highar  accalaration  oata  points  whara,  in 
nany  casas,  subjactiva  tolaranca  limits  ot  injuries  nao  bean  loentltiao  by  tha  original 
invastigators.  Tna  curva  was  oanvau  by  coaiputing  tba  paak  taaponse  ot  a 
bingla-asgraa-ot-t reeaou  model  to  na^t-sinw  accalaration  pulsas  ot  varying  nutations.  To 
saiact  tna  natural  traguancy  ana  tha  uaaplng  costtlciant  ratio  tor  aach  axis,  tha  natural 
trvguancy  ano  tna  aasiping  costtlciant  ratio  ot  tha  moael  wara  adjusted  until  tna  shapa  ot 
tna  paak  rvsponaa  to  tha  nalt-sina  accalaration  pulsa  matento  available  human  responsa 
aata.  Tnv  rasuits  ot  no-injurious  accalaration  exposuras  ot  voiuntaar  subjacts  wera  also 
consioaraa  to  vvrity  the  traguancy  response  ano  oaaping  charactanstics  ot  tha  model. 
Vanticstion  was  accomplished  by  stuoy  ot  the  relationships  between  tha  accalaration 
input  conoitions  ano  tna  aivasurca  responses  ot  the  test  subjects,  e.g. , acceleration  ot 
Douy  segments,  aisplacesiarit  ot  buoy  segments,  restraint  harness  loads,  and  torcss 
measured  batwavn  tha  seat  structure  ano  tha  test  subject. 
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TIME  TO  PEAK  IN  SECONDS 


Figure  1 Nooai  Response  Curve  tor  +X  Axis  Halt-Sine  Acceleration  Pulsas 


Figure  1 shows  the  model  response  curve  initially  fitteo  to  oata  collecteo  from 
experiments  conauctea  with  tne  acceleration  vector  airecteo  pr inertly  along  the  ex  axis. 
Tests  resulting  in  injury  (spinal  tractures)  or  potentially  serious  sequelae 
(cardiovascular  shock)  are  designated  by  tne  black  synbols.  The  curve  was  oerived  iron 
tne  responses  ot  a natnematicai  mooel  with  a natural  frequency  ot  <2.6  rao/sec  ana  a 
aamping  coetlicient  ratio  ot  9.2.  Each  ot  the  nocels  that  have  been  oeveloped  presunes  a 
specific  restraining  system  consisting  or  a lap  belt,  crotch  strap,  ana  double  shoulaer 
strap  contiguration. 

Figure  2 snows  the  oenveo  curve  ana  ante  points  tor  -X  axis  inpacts.  The  available 
oata  points  ao  not  aenonsrate  tnat  the  human  boay  can  tolerate  higher  acceleration  levels 
as  tne  auration  ot  the  acceleration  pulse  is  oecreasea.  However,  this  appearea  to  be  a 
reasonable  approxmation  on  tne  basis  ot  oata  iron  tests  with  aninal  subjects  ana 
analysis  ot  physical  responses  ot  volunteer  test  subjects.  A further  refinement  ot  the 
mvaei  coefficients  was  maoe  baseo  on  transfer  tunction  calculation  relating  test  seat  ana 
occupant  cnest  accelerations.  Tne  results  ot  11  teats  conauctea  at  a level  of  19G 
(impact  velocity  ot  39. 5 tt/sac)  were  analyxeu.  The  scan  natural  frequency  was  touna  to 
oe  <4.2  rao/sec  (SD  • 6.9)  ana  tne  mean  camping  coefticient  was  9.23  (SO  « 9.97). 


Figure  2 -X  Axis  Acceleration  Response  Curve 

Tue  injury-risk  levels  tor  tne  +z  axis  were  assigned  by  using  the  59,  5,  ana 
9. 5-percent  probability  ot  spinal  injury  from  tna  injury  probability  olstribution  tor  the 
DR I repottea  in  reterance  4.  These  injury  risk  levels  are  characterised  as  high, 
moderate,  ana  tow  with  reapective  UR  values  ot  22.6,  16  ana  15.2,  as  shown  in  Figure  3. 

A 59-percent  probability  ot  injury  was  selected  as  the  highest  spinai  injury  rate 
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Figure  3 Injury  Risk  Levels  tor  el  Axis  Halt-Sine  Acceleration  Pulses 


acceptable  in  tna  system  assign  tor  two  raaaona.  First,  it  la  tbe  highest  apinai  injury 
rata  tnat  naa  oaan  obaarvao  tor  any  USAP  ejection  aaat.  Se  con  a,  this.  laval  waa  judged  to 
t>a  tna  aaxiaum  allowable  considering  that  auitlpla  axpoauraa  woiu.  Le  likaly  subsequent 
to  tna  catapult  acceleration,  i.a. , rockat  acceleration,  parachute-opening  abock,  ana 
grouna  landing  impact.  Tna  aooerate-riak  laval  corraaponoa  to  tba  laval  uaaa  in  currant 
USAP  ejection-seat  oealgn  (rat.  S)  ana  la  at  a aid-point  between  tba  high  and  low  lavala. 
Tna  low-nak  level  correaponaa  to  acceleration  conditlona  uaea  routinely  without  inciaent 
in  teata  with  voluntaera  conaucteu  by  the  USAP. 

Figure  4 illustrate*  toe  injury-nak  levels  aaaigned  tor  tba  -X  axle.  The  OR  Unit 
values  are  44,  35,  ana  28. 
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Figure  4 Injury  Riak  Levels  tor  -X  Axi*  Halt-Sine  Acceleration  Pulses 

Tna  aetboaoiogy  usea  to  establish  tba  risk  levels  produced  nigner  statistical 
cont loanee  in  its  application  ot  the  */-X  ana  el  axes  than  in  its  application  ot  tba  */-y 
anu  -X  axes  since  more  data  are  available  to  detine  tba  bigner-rlsk  levels.  Tba  oata 
usea  to  aetlne  tna  risk  levels  tot  tba  Y axis  ala  not  permit  tbe  assignment  ot  higb-rlak 
levels  witn  an  adequate  aegree  ot  continence  since  clear  evidence  ot  injury  has  not  bean 
observea  unoer  laboratory  conoition*.  The  Y-axis  sooel  was  initially  assigned  tbs  same 
coatticients  as  tna  X-axia  sooel  (rat.  4).  But  the  Injury  risk  levels  were  lowereo  to 
correspond  to  tba  levels  juogaa  reasonable  on  tbe  basis  ot  available  bun an  test  oata.  A 
transtar  tunction  analysis  technique  naa  bean  used  to  provloe  coatticients  tor  tbe  Y-axis 
sooel.  Using  oata  troa  x-G  mpact  tests  wltb  13  volunteers,  a sean  natural  frequency  ot 
58.8  raa/sec  (80  • 1.7)  was  detlvea.  Toe  casting  coefficient  was  8.88  (80  - 8.84).  DR 
unit  values,  wmen  have  been  sstisatea,  ate  22,  17,  and  14. 

Tna  ou*an  taut  oata  available  tor  tbe  -8  axis,  are  also  Halted;  however,  tbe 
acceieiation-tiae  histories  that  have  been  used  in  non-injurious  tests  with  volunteers 
span  a relatively  large  range  ot  tiae  durations.  The  low-risk  level  was  assigned  on  the 
oasis  ot  injury-tree  laboratory  tests  with  volunteer  subjects.  Tbe  aodetste  level  was 
seiecteo  on  tbe  basis  ot  previous  downward-ejection  catapult  acceleration  Halts,  and  the 
upper  bounds  ot  toe  available  oata  ftoa  tests  with  heavily  restrained  subjects  were  used 
to  estabiisn  toe  nlgn-risk  Halts  although  injuries  wars  not  observed.  The  available 
oata  wets  not  sufficient  to  uo  aore  tban  provide  a rough  approxiaation  ot  tbe  frequency 
response  range  ot  a aooel  that  would  be  oescrlptive  ot  human  avnaaic  response  to  -X  axis 
acceleration  inputs.  Since  tbe  ex  axis  aooel  was  in  that  range,  tbe  natural  frequency 
ana  aaaping  coefficient  tor  toe  ex  axis  aooel  were  selected  tor  tbe  -X  axis  acceleration 
Halt  aooel,  Tbe  DR  Halt  values  which  were  selected  are  15,  12,  ana  5. 


While  the  individual  orthogonal  axes  responses  were  sssuaea  to  be  indepenaent,  a 
combined  risk  assessment  in  tbe  torn  ot  an  elllpsoloal  envelope  is  proposed.  It  can  be 
expreesea  in  the  following  torn 
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wnere  tue  suttix  L aenotes  tne  limiting  value  tor  tbe  assigned  risk  value. 
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The  task  ot  providing  criteria  tor  bouncing  allowable  angular  acceleration  nas  been  a 
problem  tnat  nas  required  an  assessment  rroa  first  principles  since  no  preceoent  exists. 
Tuere  is  very  llttie  oata  available  on  nunan  toierance  to  angular  acceleration  ana 
velocity.  Translational  accelerations  ana  angular  rateB  nave  been  neasureo  in  only  one 
test  Where  a volunteer  Mas  exposea  to  tne  combinea  translational  ana  hign-level  angular 
iccelerations  tnat  uay  be  associatea  witn  ejection  seat  operation  (ret.  7).  Tne  apprcacn 
s.'iecteo  to  irait  tne  angular  acceleration  is  baseo  on  tne  hypotnesis  that  tne  injuries 
as.ociateo  Mitn  angular  acceleration  are  airectly  relatea  to  local  linear  accelerations. 
Tins  nypotnesie  nas  soaie  support  basea  on  tne  experimental  tinaings  or  Taraov  (ret.  8) 
ana  Weiss  et  ai  (ret.  9).  Tnus>  tne  tangential  ana,  to  a greater  aegree,  tne  centripetal 
acceleration  Bust  be  conslaerea.  Payne  has  recos»enaeo  that  assessment  ot  the  ettects  ot 
angular  acceleration  be  accoaipilsnea  by  applying  to  tbe  injury  moaels  the  net  linear 
acceleration  aue  to  whole  Doay  translational  acceleration  plus  tne  local  linear 
acceleration  aue  to  boay  rotation  at  a bo  ay  canter  point.  In  the  application  ot  this 
metnoa  a oouy  center  point  tnat  is  18.2  in.  up  ana  3.4  In.  torwara  trosi  the  seat 
retetence  point  (tne  intersection  ot  the  planes  ot  tne  seat,  seatback,  ano  tne 
iiio-sagittai  plane  ot  tne  seat  occupant)  was  cnosen. 

III.  PREDICTIVE  MODELS 

Tne  Boat  uesirabie  torn  tor  tolerance  criteria  is  one  tnat  is  specitiea  in  terns  ot 
external  to  tne  Doay  variables.  For  example,  the  acceleration  ot  the  seat,  the  inpact 
velocity  ot  an  aircraft  or  tne  heignt  ot  a fall  can  be  useo  to  estimate  the  likellhooa  ot 
ar.  injury.  Unfortunately  nost  injuries  associatea  witn  aircraft  operations  qo  not  lenu 
tneuseives  to  such  simple  approaches  because  tne  e.posure  conaitions  are  usually  more 
coaipiicstea  ano  better  resolution  between  exposure  conaitions  enc  injury  consequences  is 
nweoea. 

This  may  be  iliustratec  by  considering  the  case  ot  a helicopter  crash  ir.  which  the 
net  crash  acceleration  ana  grouna  impact  velocity  uay  be  reasonably  estimated,  but  the 
aegree  or  anticipated  injury  can  be  substantially  uoaitiea  aepenair.g  on  whether  the 
helicopter  was  equipea  witn  an  energy  absorbing  seat,  the  seat  stayea  rigidly  attached, 
tne  crewmember  was  in  an  upright  position  at  tis<e  ot  impact,  tne  harness  functioned 
propeny  in  restraining  the  crewmember  ana  tne  aircraft  structure  was  sufficiently 
oetormeu  to  interact  with  the  crewmember.  Obviously  all  tnese  factors  complicate  an 
injury  potential  assessment  ana  in  a given  crash  event  any  one  ot  them  may  be  the 
causative  factor  in  an  injury  or  fatality. 

Wniie  no  current  methoa  exists  tnat  can  factor  in  all  such  eventualities  ana  proviae 
a meaningful  absolute  injury  probability  preaiction,  analytical  moaels  are  being 
aeveiopea  tnat  can  assess  tne  relative  ettects  ot  system  assigns,  proceaures  ana  crash 
conaitions. 

One  sucu  mouel  nas  been  deveiopea  by  the  U6AF  to  preaict  stresses  aeveiopea  in  the 
spine  aue  to  abrupt  accelerations  appuea  to  tne  torso  (Ret.  18).  This  is  a three 
oimensionai,  aiscrete  moaai  ot  the  human  spine,  torso  ana  h e«.a  aeveiopea  for  the  purpose 
ot  evaluating  mechanical  response  In  pilot  ejection.  It  was  aeveiopea  in  sufficient 
generality  to  oe  applicable  to  other  boay  impact  problems,  such  as  occupant  response  in 
aircraft  crashes  ana  arbitrary  ioaas  on  the  bead-spine  structure. 

A graphical  representation  ot  the  Heaa-Splne  moael  structure  is  shown  in  Figure  5. 

Tne  anatomy  is  moaeleu  by  a collection  ot  rlgla  boaies,  which  represent  skeletal  segments 
sucu  as  the  vertebrae,  pelvis,  neau  ana  ribs,  interconnectea  by  oeformable  elements, 
wmcn  represent  ligaments,  cartilageneous  joints,  viscera,  ana  connective  tissues. 
Tecnnques  tor  representing  other  aspects  ot  the  environment,  such  as  narnerses  ana  the 
seat  geometry,  arc  also  incluoea.  The  moael  is  valla  tor  large  displaceaients  ot  the 
spine  ana  treats  material  nonlineantles. 

Tne  basic  uoael  is  moaular  in  format,  so  tnat  various  components  may  be  omitted  or 
replacea  by  simplified  representations.  Tnua,  while  the  complete  moael  is  rather  complex 
ana  involves  substantial  computational  ettort,  various  simplitieu  moaels  are  available 
tnat  are  quite  ettective  in  duplicating  tne  response  ot  the  complete  model  within  a range 
ot  conaitions. 

Various  conditions  can  be  stuaiea  using  the  moael,  including  different  acceleration 
pulses,  Harness  configurations  ana  elasticities,  seat  geometries  ana  initial  spinal 
postures.  Predictions  include  spinal  aetormation,  local  stresses  and  a thoracic/ lumbar 
compression  fracture  probability.  The  latter  prediction  is  basea  on  the  preaictive 
calculation  ot  vertebral  boay  stresses  during  a aynamic  exposure  event  ana  the  comparison 
ot  tnese  stresses  to  neasurea  strength  properties  ot  human  vertebral  bodies  (Ref.  11). 

The  injury  preaiction  is  given  in  terms  ot  an  Injury  Potential  Function  which  is 
obtained  by  aiviolng  tne  maximum  prealctea  stress  at  each  vertebral  level  by  the 
corresponding  vertebral  level  mean  failure  stress.  An  example  ot  the  Injury  Potential 
Function  tot  a tuny  upright  ano  tightly  restrained  individual  is  shown  in  Figure  6. 

Four  levels  ot  vertically  applied  acceleration  ranging  from  14  to  28  g's  are  consioerea. 

A bi-moaei  response  is  observed  with  peaks  at  T8  ana  L3.  Tbe  steep  increase  of  the 
curves  at  T4  is  probably  not  realistic  because  ot  the  relatively  unstable  response  ot  tbe 
upper  thoracic  ana  cervical  spine  structure.  Tbe  higher  probability  ot  injury  predicted 
in  tne  mioale  thoracic  region  than  tne  lumbar  region,  which  is  tbe  more  common  region  for 
spinal  compression  fractures,  illustrates  the  model's  capability  to  examine  tbe  effects 
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or  varying  condition!.  In  tnla  cava  It  ahovea  tnat  a highly  uptight  aaatao  position  ano 
[•atiictio  coiuan  banning  aua  to  vary  tlgnt  torao  raatraint  nay  nova  the  Boat  likely  kite 
or  apinai  Injury  up  tna  apine. 

Another  aooal  aaaptaa  by  the  USA*  to  atuay  groaa  nunan  body  aynanica  la  tba 
Articulated  Total  Body  (ATB)  nodal  (Bet.  12).  Tbla  aodal  la  a oarlvativa  of  tba  Craah 
Victia  Slaulator  (Rat.  13)  originally  developed  to  atuoy  roao  vehicle  occupant  notion 
outing  c.aaoee.  The  nooei  la  totally  tbree-dinenalonal  and  lta  analyeie  netboo  la  baaed 
on  coupled  tlglo  body  oynaaica.  lta  atanoard  contlguratlon,  conalatlng  of  15  aegnenta 
ano  14  jointe,  aa  anovn  in  Figure  7. 

A gtapnlcai  oepictlon  ot  the  nodal  la  anovn  in  Figure  I vbere  the  aegnenta  ate 
oe  pic  tea  by  eiiipeoidal  autfacea.  The  graphical  diaplay  can  be  preeenten  f ton  any 
direction  ano  oietance  ana  lta  lnage  projected  through  a point.  Such  a graphical  diaplay 
aiiowa  direct  conparlaon  to  video  lnagea  aa  well  aa  being  a convenient  aeana  for 
eaaaining  boay  poaition  ano  notion  relative  to  aupport  ana  potentially  interacting 
atructurea. 

Toe  nooeiea  boay  etructure  la  aaaunea  to  be  paaalve  in  that  auacle  forcea  do  not 
act.  Tne  ay  name  reaponae  ot  the  boay  can  be  induced  by  interactlona  with  tbe  aeat  ana 
nainaee  ay a tea  or  winobiaati  gravitational  or  local  contact  forcea  acting  on  tbe 
aegnenta.  in  addition  to  the  graphical  oepiction  ot  body  notion,  the  linear  and  angular 
diapiacenente,  veiocitiea  and  accelarationa  ot  all  aegnenta,  the  forcea  and  nonenta  in 
all  jointa,  the  pointe  on  aegnenta  and  forcea  of  contact  ana  the  loaaa  in  tbe  harneaa 
ayaten  are  predicted. 


Figure  5 Graphical  Repreaentation  ot  tbe  Heao-Spine  Model 


74  T5  T6  T7  TS  T9  TK>  Til  TI2  LI  L2  LS  L4  L5 
VERTEBRAL  LEVEL 


Figuta  i Injury  Potantiai  Function  tioo  K«ao-Spina  Hooal  In  Uptight 
•na  Highly  Ktitrtmto  po»tur«  tot  Cx  In  pacts 


Figura  7 ATB  Hoaoi  E«g»»nt  ana  Joint  Contioutation 


22-8 


Tigura  8 Crapnical  Rapraaantaticn  ot  tM  Artlculatou  Total  Body  Nodal 

Vanoua  data  baaaa  toe  aittaront  alia  aialaa,  taaalaa  and  chlloran  (Raf.  14),  aa  wall 
aa  tn*  Part  572  ousuny  (Rat.  15)  and  tna  Hybrid  111  auaaay  (Raf.  14)  Mva  oaan  dovalopoa. 
Tnahv  allow  a broaa  ctiolca  ot  occupant  aliaa  and  can  ba  ucad  to  invaatlgata  attacta  on 
uynanic  raaponaa  ot  hlta  variation. 

Hunan  raaponaa  validation  (Rat.  17)  and  duuaiy  raaponaa  valloatlona  (Rat.  18)  nava 
baan  aiada  witn  tna  aonal.  Additionally  a nun  bar  ot  bianilationa  hava  baan  parforiuad  with 
aacallant  agraanant  batwaan  praalctaa  and  obaatveo  ravponaaa  (Rat.  19  and  29). 

Tna  ATB  nooai  la  an  aacallant  tool  tor  daaranca  or  body  trajactory  pradlctlon.  Tha 
aoual  wait  uaau  to  lnvaatlcata  cnllo  notion  In  an  autoaioblla  during  panic  braking  ano 
aubuaguont  inpact  (Rot.  21).  Tnraa  chilo  aliaa  ano  avvan  olttarant  initial  poaltlons 
wvra  cuoaen.  In  riguro  9 a cnlla  initially  facing  forward  aaparloncaa  a .5G  vahlcla 
oacolaration  wmla  nla  taat  nava  a .25  aoat  friction  coafflclant.  In  rigura  It  a child 
in  tna  aana  initial  poaition  aiparltncaa  a . 7C  vahida  oacolaration  whila  hit  foot  hava  a 


Figura  9 TVo-ano-Cna-Ualt-Taar-Olo  Child  Notion  During  .59  C 
Panic  Braking  Dacalaratlon  with  .25  Boat  friction  Coafflclant 
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Figure  10  Two-and-One-Half-Yesr-Old  Child  Notion  During  .70  G 
Panic  Braking  Deceleration  with  .20  Seat  Friction  Coefficient 

• it  aeat  friction  coefficient.  In  the  firat  cane  the  notion  in  relatively  benign  with 
tne  cbila  not  contacting  the  daah  ana  coating  to  rent  on  the  front  part  of  the  aeat.  A 2B 
percent  reauction  in  the  aeat  friction  coefficient,  cottblr.ee  with  an  increaae  in  vehicle 
oeceleration  fro*  .SO  to  .70,  aubatantially  Bonified  the  reaultant  body  notion  leading  to 
a kignit leant  beaa  inpact  with  the  oaah  ana  final  body  location  on  the  vehicle's  floor. 

The  above  emulations  are  only  two  of  over  1**  that  were  perfomeo  in  which  various 
conditions  ana  paraneters  were  vanea,  but  they  illustrate  the  ease  of  eaanlnlng  the 
relative  etfacta  of  such  changes.  The  nooel  hat  also  been  used  in  a nun  bar  of  internal 
USAF  studies  to  look  at  bo  ay  notion  ana  clearancts  of  linos  during  escape  fren  aircraft. 

IV.  ADVANCED  MANIKIN  DEVELOPMENT 

Toe  use  of  necnanical  hunan  surrogates  or  aunnies  is  beconlng  s nore  connon  ana 
relevant  approach  for  assessing  tne  safety  of  crash  protection  systens  and  procedures. 
Early  ouna  as  were  oevelopeo  to  proviae  Inertial  loaning  slnllar  to  that  of  the  hunan 
body  ana  were  prineniy  used  to  test  the  proper  operation  of  harnesses,  seat  structures 
•no  ejection  seats.  In  these  tests  the  concern  was  with  the  response  of  the  equipment  as 
affected  by  the  inertial  effects  of  the  hunan  body.  Typical  aunnies  used  for  such 
applications  were  oevelopeo  by  Sierra  ana  Alaereon  in  the  llSSs  prinarlly  to  provide 
nunan-llke  ballast  for  ejection  seats.  Nhlle  tbelr  overall  nasa  distribution  properties 
were  quite  good,  tnelr  joint  nobility  and  booy  fleslbility  were  highly  United.  This 
resultea  in  a highly  rigid  responses  to  asternal  forces  anc  internal  aynanic  neasurenents 
tnat  oio  not  conpare  well  to  hunan  responses  tor  slnllar  exposures  (Ref.  22). 

A new  generation  of  aunnies  was  oevelopeo  in  tne  19tSs  ano  1971s,  prinarlly  oriven  by 
increased  enpnasis  on  roao  notor  vehicle  safety.  Tne  nost  connon  ot  these  is  the  Hybrid 
II  aunny  originally  oevelopeo  by  General  Motors  ano  aoopteo  by  the  National  Highway 
Traffic  Safety  Aanlmstration  as  the  stanoara  autonotive  safety  coapliance  testing  dumny. 
Tnis  ousy,  nost  coanonly  known  as  tne  Part  972  aunny  iron  its  oocunentation  oesignation, 
nao  consloerabiy  mprovea  hunan-llke  floellty  ana  was  aesigneo  to  provioe  internal 
response  sieasures  tnat  coulo  be  corralateo  to  equivalent  hunan  responses  ai.a  possibly, 
ilkellbooa  ot  Injury.  Several  other  aunnies  were  oevelopeo  in  toe  Unitea  States,  Great 
Britain  ano  Sweden  in  this  sane  tine  period  that  attenpted  to  inprove  response 
characteristics,  but  none  senieveo  the  oegree  ot  stanoara  acceptance  as  hao  the  Part  572 
aunny.  In  toe  late  197Ss  General  Motors  oevelopeo  the  Hybrid  III,  which  had  inproveo 
bio-tioeiity  ano  instrunentation  capability  over  the  Hybrio  II. 

This  evolutionary  process  old  inprove  toe  state-of-the-art  in  aunny  design 
sophistication,  biotloeiity  and  response  neasurenent  capability.  Nost  of  it,  however, 
was  airectea  at  road  vehicle  safety  design  considerations  with  considerable  enphasis  on 
coest  ana  beaa  inpact  responses,  borlsontal  plane  inpact  events  ana  testing  under  highly 
controllea  conaitlone. 

Attempts  to  use  these  types  ot  atmles  in  aerospace  envlronnents  lea  to  the 
identification  ot  a nunber  of  soortconlngs.  These  inducted  the  lack  of  a proper  dynanic 
longitudinal  spinal  axis  response,  which  is  the  preoonlnant  loaolng  direction  for 
aircraft  related  force  exposures.  Standard  data  retrieval  by  Beans  of  an  unblllcal  cord 
uniting  treeoon  ot  aunny  notion  ano  requiring  a separate  oata  acquisition  systen. 
Durability  sufficient  only  to  withstand  relatively  low  forces  con pared  to  those 
encountereo  in  aircraft  crashes  or  escape  fron  aircraft. 
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Vo  aoaress  tocse  shortfalls,  tn«  US  Air  rote*  baa  pursued  tha  osvelopaent  ot  an 
Aovancao  Dynaailc  Anthropomorphic  Manikin  (ADAM)  to  ba  usaa  in  tba  tatting  of  escape 
systems  ana  various  protaction  systems  ana  procaauros  (Kaf.  23).  This  effort,  initiated 
in  1981  naa  raaultaa  in  tna  proauctlon  of  a small  and  a large  male  prototypa  nanlkin. 
Tnaaa  manikin  sitas  ara  naaaa  on  an  Air  Fores  mala  aviator  anthropomatric  aurvay 
conauctaa  in  1M7  (Mat.  24)  vitn  tna  apacitlc  dimensions  ana  lnartial  propartiaa  takan 
from  US  tn-karvlca  racommanaationa  (Sat.  25).  Tha  small  A&AM  whitb  full  akin  covering 
la  anown  in  Figure  11.  Tba  small  ADAM  with  uppar  torso,  right  arm  and  rigbt  lag  akina 
removao  to  snow  tba  macnanlcal  atructura,  battary  atoraga  compartmant  in  uppar  lag  ana 
tna  instrumantatlon  packaga  locatad  in  tba  tboraa,  ia  shown  in  Figura  12.  Also  shown  in 
Figura  12  ia  a bsaa  mountsa  sntsnna  usaa  for  aata  transmission. 


Tna  aaaign  tor  this  manikin  atraasas  faithful  human  joint  articulation  ana  torso 
asiai  Deformation  to  proparly  reflect  tba  mass  shifts  and  limb  notion,  as  wall  as  dynamic 
spinal  compression,  that  an  actual  craw  man  bar  would  asparlanoa  during  a whole  body 
impact.  All  tna  joints  with  tha  esceptlon  of  tha  neck  and  spina,  ara  single  or  compound 
rsvolute  joints  with  precisely  defined  asas  orientations,  joint  stops  with  soft  snubbers, 
adjustable  friction  pads  and  position  sensing  potentiometers.  Those  features  can  ba  seen 
in  Figures  13  ano  14  wnlcn  are  tha  knee  and  shoulder  joints  respectively.  Tba  aslal 
spina  clamant  is  a combined  spring  ana  hydraulic  damping  element  which  is  tuned  to 
provioe  longitudinal  impact  response  with  a natural  resonance  in  tba  II  to  12  Ms  range, 
ha- tuning  nay  be  accomplished  by  spring  replacement  and  use  of  different  viscosity 
nyoraulic  tluio.  lelow  the  asially  deforming  spinal  element  is  a universal  joint  that 
allows  tor  yaw  motion  a no  natural  and  lateral  bending.  This  compound  articulation  is 
approximately  in  the  lumbar  anatomical  region  ana  provides  the  only  bending  articulation 
in  the  torso.  Toe  total  spine  structure  is  shown  in  Figure  15. 


Figure  13  ADAH  Knee  Joint  Showing  Flexure 
and  Toraion  Articulation*,  Friction  Pada 
and  Wire  Connection*  to  Poaition 
Meaauring  Potentiometer* 


Figure  14  ADAM  Shoulder  Joint  Showing 
Multiple  Revolute  Articulations 


NECK 

ATTACHMENT 


DAMPEN  SLOT 


FILL  PLUG 


VIBCS  NA  N 
MSTNUMENTATUN 


AXIAL  SPRINQ 


FILL  PLUO 


FRICTION  MATERIAL 


PELVIC  - 
LOAD  CELL 


LOWER  SPINE  STRUCTURE 


PITCH  PIVOT 


ROLL  PIVOT 


TRANBUCCR 


Figure  IS  ADAM  Spine 


22-12 


To*  durability  ot  tn«  manikins  wav  specified  In  terms  ot  a violent  exposure 
environment  In  which  tney  must  b*  able  to  operate  witnout  any  functional  degradation. 

Tnia  environment  ia  tne  ejection  into  a 7M  KEA£  wind  stream,  in  an  ejection  aeat  with 
unrestrained  liabs  for  tne  large  aanikin  and  restrained  area  ana  legs  for  the  saall 
■am tin.  Tney  auat  aleo  be  able  to  sustain  4SG  iapact  loaos  in  the  Gx,  Gy  and  Gx 
directions  witnout  functional  degradation  or  peraanent  structural  damage. 

The  standard  Hybrid  III  ouaay  bead  and  neck  are  used,  but.  as  opposed  to  tbs  Hybrid 
111  design,  tne  neaa  skin  covering  extends  over  the  neck  as  can  be  seen  in  Figure  11. 

Tne  total  instrumentation  ana  data  acquisition  systsa  for  ADAM  ia  a substantial 
advancement  over  any  other  current  aanikin.  The  system  ia  located  in  tbs  thorax#  ia 
computer  controlled  ana,  in  its  standard  configuration,  can  collect  12*  channels  of  data 
a*  ISM  a aspics/ channel -sec  and  store  up  to  4 seconds  ot  data  as  well  as  telaaeter  this 
o*ta  in  real  tiae  to  a ground  station.  The  systsa  configuration  can  be  modified  by  an 
operator,  tnrough  computer  input,  to  change  the  number  of  channels,  the  sampling  rate  and 
tne  filter  banawidtns.  The  circuit  board  configuration,  from  a rear  view,  is  shown  in 
Figure  14. 


Figure  16  ADAM  Instrumentation  Package  with  Rear  Access  Panel  Removed 


Tne  availability  ot  128  channels  allows  extensive  monitoring  of  the  manikin's 
responses  ac  well  as  collection  ot  external  data.  ADAM  has  been  designed  for  measurement 
ot  three  ortnogonal  acceleration  components  in  the  head,  thorax  and  pelvis*  six  force  and 
moment  components  botn  between  the  bead  and  the  top  of  the  neck  and  between  the  lumbar 
spine  ana  tne  pelvis*  and  the  position  of  all  rsvolute  joints.  Additionally,  load  cells 
ere  located  at  tne  joints  in  tne  lower  legs  to  measure  torsional  aoments.  The 
instrumentation  system  provioes  for  signal  conditioning,  analog  to  digital  data 
conversion  and  pre  ana  post  oats  collection  calibration  for  all  of  these  transducer 
cnanneis.  A listing  of  these  transducer  channels.  Including  ones  for  internal 
temperature  ana  parachute  riser  loans,  are  presented  in  Table  1.  The  other  channels  may 
be  used  tor  aoditional  ADAM  sensors  or  to  collect  external  information. 


TABLE  1 

ADAM  TRANSDUCER  CHANNELS 

1 
2 

3 

4 

5 

t 
7 
• 

9 

IS 

U 
12 
11 

14 

15 

14 
17 

15 
19 
2S 
21 
22 
2) 

24 

25 
24 

27-32 
13-1S 
39-41 
42-44 
45-47 
41-SI 
S1-S2 
S3 

54-SI 
59 
II 

11 

12 

V.  CONCLUSIONS 

It  Ik  suggesteo  that  a comprehensive  aafcaaaaant  ot  Injury  potential  in  a craah  or 
otnar  aapoaura  to  violent  mechanical  forces  requires  a broad  baaed  metbooology  including 
direct  Injury  preoictron  banco  on  environmental  conditional  analytical  or  eodellng 
approacnea  tnat  an  provloe  inter polatlve,  extrapolative  and  aenaitivity  information;  and 
tne  uae  ot  mecnanlcal  aurrogatee  tnat  can  provloe  oirect  neaaurea  ot  what  the  human  body 
would  experience  in  a given  environment. 

Tne  oirect  tolerance  criteria,  while  uaually  the  eaaleat  to  uae,  often  have  United 
utility  becauee  tn»y  apply  to  very  apecitlc  no  dee  and  necbanlana  of  Injury,  F or  example, 
tne  DRI  aa  apeclflea  for  evaluating  allowable  ejection  aeat  acceleratlona  (Ref.  5)  la 
only  applicable  to  I axia  acceletstions  and  ia  atrlctly  baaed  on  obaerved  apinal 
conpreaaion  tracturea  aa  the  injury  mechanism. 

Analytical  netnooa  and  nodela  can  provloe  a neana  of  relating  a general  body  axpoaure 
to  a apeclfic  auaceptible  body  atructura  and,  given  the  appropriate  atrength  propertlea 
ot  the  local  atructura,  allow  prediction  of  failure/injury  of  that  particular  atructure. 
froai  an  engineering  point  thla  la  a straight  forwaro  proceeai  however,  in  application  it 
can  be  difficult  due  to  the  large  variability  in  biological  material  propertlea,  the 
atructutai  complexity  ot  the  human  bo  ay  and  the  generally  unknown  extent  ot  active  muscle 
participation.  Mhera  the  modeling  aethooology  la  particularly  useful  la  in  relative 
aaaeasmenta  of  system  oeaign  changes,  procedure  modifications  ano  oparatlon  condition 
variations.  Tne  aaaeaamenta  are  made  on  the  basis  of  predicted  changes  in  local 
atresses,  deformations  and  accelerations*  external  contact  and  harness  forces;  naximum 
ranges  ot  limb  motion;  and  amount  of  clearance  between  body  segments  and  structural 
aiamenta. 

To  oetlne  the  exposure  environment,  teats  must  be  conducted  that,  aa  closely  as 
possible,  replicate  the  anticipated  operational  conditions.  Thla  not  only  requires  that 
the  vehicle  or  occupants  external  environment  la  properly  controlled,  but  that  the 
occupant  be  an  appropriate  aurrogate  for  a crewmember.  Tbs  ADAM  has  been  designed  not 
only  to  privloe  correct  reactive  loads  into  the  harness,  seat  and  any  other  Interactive 
structures,  but  to  also  be  sufficiently  Internally  blofidellc  ao  that  its  Internal 
response  measurea  may  be  related  to  equivalent  human  responses  under  the  sane  exposure 
conditions.  While  substantial  validation  still  needs  to  be  performed,  the  biofldellty 
and  extenaive  response  measurement  capability  of  ADAM  should  make  it  a powerful  tool  for 
toe  safety  assessment  ot  aircraft,  subsystems  and  procedures. 


Left  Hip  Abouction/Adouction  Position 

Right  Hip  Abduction/Aoduction  Position 

Lett  Hip  riexion  Position 

Right  Hip  Plexion  Position 

Left  Hip  Hedial/Lateral  Position 

Right  Hip  Medial/Lateral  Position 

Lett  Knee  flexion  Position 

Right  Knee  Flexion  Position 

Lett  Knee  Hedial/Lateral  Position 

Right  Knee  Medial/Lateral  Position 

Lett  Snouloer  Arm-Joint  Abduction/Adduction  Position 

Right  Snouloer  Arm-Joint  Abduction/Aoduction  Position 

Left  Snouloer  Tnoracic-Joint  Abduct ion/ Adduction  Position 

Right  Shoulder  Thoracic- Joint  Abduction/Aoduction  Position 

Left  Snouloer  riesion/Extenaion  Position 

Right  Shouloer  Flexion/Extension  Position 

Left  Shoulder  Medial  Lateral  Position 

Right  Shouloer  Medial/Lateral  position 

Lett  Arm  Raielng/Lowering  Position 

Right  Arm  Raising/Lowring  Position 

Left  Elbow  Flexion  Position 

Right  Elbow  Flexion  Position 

Left  Foraara  Supinatlon/Pronation  Position 

Right  Ptraara  Supinatlon/Pronation  Position 

Lett  Lower  Leg  Torque 

Right  Lower  Leg  Torque 

Neck  Forces  ana  Moments  (4  axis) 

Lumbar  Forces  and  Momenta  (I  axia) 

Head  Accelartlon  (triaxial) 

Head  Rotation  Rate  (3  rata  sensors) 

Chest  Acceleration  (triaxial) 

Pelvis  Acceleration  (triaxial) 

Parachute  Loads,  Right  and  Left  Risers 
Temperature  Measurement 
Lumbar  Position 
Vibcera  Position 
Viscera  Acceleration 

Sternoclavicular  llevatlon/Depreasion  Position 
Sternoclavicular  Pronatlon/Retractlon  Position 
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